Background. Maternally derived serum antibody and viral load are thought to influence disease severity in primary respiratory syncytial virus (RSV) infection. As part of the AsPIRES study of RSV pathogenesis, we correlated various serum antibody concentrations and viral load with disease severity.
Respiratory syncytial virus (RSV) is the most common cause of serious lower respiratory tract infection in the first year of life, resulting in 52 000-82 000 bronchiolitis hospitalizations and 22 000-44 000 pneumonia hospitalizations annually in the United States [1] [2] [3] . More than half of newborns are infected during their first winter, and although 1%-2% require hospitalization and approximately 15% are seen in emergency departments or physician offices, the majority have relatively mild disease [1] . Risk factors for more-severe illness include congenital heart disease, pulmonary or neurologic conditions, immunosuppression, prematurity, and young age at time of infection [3] . Less consistent risk factors include lack of breast feeding and exposure to tobacco smoke.
In addition, serum RSV-specific antibody and viral load are thought to influence clinical manifestations of RSV infection. Several studies but not all have noted that higher levels of cord blood RSV-specific antibody are associated with diminished risk of infection or delayed hospitalization [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, only 1 study has directly shown that illness severity is diminished in infants with higher levels of serum antibody when measured at time of infection [13] . In addition, studies of the relationship between illness severity and viral load have yielded conflicting results [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The AsPIRES study of RSV disease pathogenesis was designed to identify factors associated with severe illness in healthy fullterm infants during primary infection, including RSV-specific serum antibodies and nasal viral load during infection. We report results in 139 infants manifesting very mild to severe RSV disease.
METHODS

Study Subjects
RSV-infected infants were enrolled from 3 cohorts. A birth cohort was enrolled at University of Rochester Medical Center's (URMC's) Strong Memorial Hospital and Highland Hospital and at Rochester General Hospital (RGH) between 15 August and 1 February 2012-2015 and followed by passive and active surveillance for RSV infection during the winter (ie, from 1 November to 1 April). A supplemental cohort was enrolled in pediatric offices or emergency departments at the URMC's Golisano Children's Hospital or RGH when new respiratory symptoms were present at routine or illness visits. The third cohort was enrolled on admission to the hospital with documented RSV infection. Eligible infants were full-term (ie, delivered after gestation week 36), healthy infants born after 1 May and <10 months of age at infection. The institutional review boards of the University of Rochester and RGH approved the study. A parent provided written informed consent.
RSV-infected infants underwent evaluation by 2 members of the study team (a physician and a nurse). Demographic data, illness symptoms, physical findings, and results of laboratory and radiograph testing were recorded. A summary breastfeeding score was assigned, with 0 points defined as never breastfed; 1, as breastfed on <50% of occasions; 2, as breastfed on ≥50% of occasions; and 3, as exclusively breastfed. Midturbinate nasal swab specimens were obtained using a medium-sized flocked swab (catalog number 501CS01; Copan Diagnostics, Murrieta, CA) and placed in 2 mL of sterile UV-inactivated water for quantitative RSV reverse transcription polymerase chain reaction (RT-PCR) analysis. A total of 2-3 mL of heparinized blood was collected for antibody measurements. Illness severity was assigned using a 10-point continuous global respiratory severity score (GRSS), as previously described [24] .
RT-PCR
The initial diagnostic RT-PCR and a quantitative RT-PCR specific for group A and B RSV were performed as previously described [25] . Viral titers are reported as plaque-forming units per milliliter equivalents.
Antibody Titers
Heparinized blood was immediately separated, and plasma was stored at −80°C. The level of IgG to RSV fusion protein (F) and attachment proteins of RSV group A (Ga) and B (Gb) was determined by enzyme immunoassay (EIA) as described elsewhere [26] . We also assessed IgG specificity to the central conserved region of G proteins, using a monoclonal antibody (mAb) blocking assay. For this assay, the Fab fragment of L9, a mAb specific for this region, was prepared according to manufacturer's instructions (Pierce Fab Preparation Kit, catalog number 44985; Thermo Fisher Scientific, Rockford, IL) [27] [28] [29] . The L9 Fab was incubated with dilutions of plasma in a competitive EIA, using EIA plates coated with purified Ga or Gb. L9 Fab binding was detected with alkaline phosphatase-conjugated rabbit antimouse antibody, and the titer was recorded as the log 2 dilution yielding 50% inhibition, denoted as the GaL9 competing antibody (Gal9CA) and the GbL9 competing antibody (GbL9CA).
Neutralization Assay
Titers were determined for the infecting RSV group, using a modification of previously described microneutralization assays (MNAs) specific to group A viruses (MNA_A) or to group B viruses (MNA_B) [26] . Because heparin directly neutralizes RSV by blocking virus attachment to glycosaminoglycans on HEp-2 cells, plasma was pretreated with heparanase (Dade Hepzyme; Siemans Healthcare Diagnostics, Marburg, Germany) for 30 minutes at 37°C, followed by heat inactivation of heparanase for 1 hour at 56°C [27] . Two-fold pretreated serum dilutions, starting at a 1:25 dilution, were incubated for 30 minutes with group A or B virus at room temperature before adding HEp-2 cells. Preliminary experiments confirmed that conversion of plasma to serum by using this method eliminated the neutralizing effect of heparin. The titers of EIA and neutralizing antibodies are reported as the log 2 dilution per milliliter of serum, after adjustment using a standard serum to control for interassay and intraassay variation.
Statistical Analysis
Group comparisons and marginal correlation analyses were used to interrogate associations between clinical and laboratory variables, viral load, and GRSS. For binary variables (ie, sex, delivery mode, infecting virus group, and tobacco smoke exposure), a 2-sample Welch t test was used to determine whether there was a significant mean difference in the GRSS between 2 patient groups defined by this variable. For continuous variables (ie, age at infection, birth weight, breastfeeding score, each antibody titer, and viral load), a Spearman correlation test was used to examine dependence of 2 continuous variables. A P value of <.05 was considered statistically significant.
We also conducted bivariate linear regression analyses to study linear associations between the GRSS (the response variable) and various antibody titers (covariates) while controlling for effects of age at infection. Multivariate linear regression analyses were performed to study the collective linear relationship between the GRSS (the response variable) and important clinical variables and antibody titers (covariates). For regression analyses, regression t tests were used to determine significant associations between covariates and response variables. Additionally, we estimated antibody titers at birth on the basis of the titer at infection and then investigated the association between these estimated antibody titers at birth and age at infection by use of the Spearman correlation test.
All analyses were performed with SAS (version 9.3; SAS Institute, Cary, NC) and R programming language (version 3.2; R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Study Subjects
One hundred thirty-nine RSV-infected infants were enrolled, and of these 131 had blood specimens of sufficient volume to complete antibody assays (birth cohort, n = 19; supplemental cohort, n = 37; and hospital cohort, n = 75). Overall, 81 infants (62%) were hospitalized, including 4 from the birth cohort and 2 from the supplemental cohort. Demographic and clinical characteristics of these infants are shown in Table 1 according to enrollment strategy. For the entire group, mean and median ages at infection were 3.3 and 2.8 months, respectively, with a range of 0.5 to 9.4 months. The sex of just over half was female, 28% were delivered by cesarean section, 22% were never breastfed, and 34% were exclusively breastfed. Eight percent required intensive care, 5% required ventilator support, and none died. Group A viruses were more common than group B viruses. RSV-infected infants were enrolled a mean duration (±SD) of 3.8 ± 0.2 days after illness onset.
Demographic Data, Antibody Levels, and Illness Severity
We first performed univariate analysis to assess the relationship of demographic data and each RSV antibody measurement to disease severity (Table 2 ). There were no differences in GRSS according to virus group, sex, or birth weight. However, a higher GRSS was significantly correlated with younger age (r = −0.32; P < .001) or a history of exposure to tobacco smoke (mean GRSS [±SD], 5.22 ± 0.37 vs 4.21 ± 0.30; P = .04). There was a trend toward increased severity among infants delivered by cesarean section as compared to those delivered vaginally (mean GRSS [±SD], 5.21 ± 0.45 vs 4.3 ± 0.28; P = .09) and among infants with lower breastfeeding scores (r = −0.14; P = .1).
For all antibody measurements, titers increased slightly as disease severity increased, although none of the trends were significant ( Figure 1 , Table 2 , and Supplementary Figure 1 ). Since RSV F is highly conserved among isolates of both major viral groups, titers of antibody to F were plotted against severity for group A and B RSV infections combined ( Figure 1A) . However, RSV G proteins are poorly conserved between strains, and thus antibody to G protein was plotted only for infection with the homologous virus group ( Figure 1B and Supplementary Figure 1A) . Similarly, neutralizing antibody titers to group A and B virus, when plotted for the homologous infecting virus group, were slightly higher as severity increased ( Figure 1C and Supplementary Figure 1B ). However, it should be noted that there was a significant decline in severity score with older age at the time of infection (r = −0.318; P < .003; Figure 1D ) and a significant decline in antibody titers with older age at infection (P < .001 for each antigen and neutralization antibody titer; Figure 2 and Supplementary Figure 2) .
Since older age was associated with both lower antibody titers and less severe illness, we performed bivariate analysis using linear regression with age at infection and each antibody titer separately as coindependent variables and GRSS as the dependent b Infecting RSV group could not be determined for 3 subjects in the hospital cohort.
outcome variable (Table 3) . In this analysis, there was a significant inverse relationship between antibody titer to RSV F and disease severity (correlation coefficient, −0.56; P = .009), with each 2-fold increase in antibody titer associated with a 0.56-unit decline in GRSS. None of the other antibody measures (Ga, Gb, GaL9CA, GbL9CA, MNA_A, and MNA_B) were significantly associated with severity in bivariate analysis (Supplementary Figure 3) . When breastfeeding score and tobacco smoke exposure were included in an expanded multivariate analysis, higher antibody RSV F titers and older age at infection remained significantly and independently associated with decreased severity (P = .02 and P < .0006, respectively), while tobacco smoke exposure and breastfeeding were not significant. Since maternally transferred antibody titers fall continuously after birth, it seemed plausible that the beneficial effect on severity may be limited to the first few months of life, when titers are in a range typically found in adults. In univariate analysis limited to infants 0.5-2 months of age at the time of infection, there was a significant inverse relationship between severity and F-specific antibody titers ( Figure 3A and 3B) . For all infants ≤ 2 months of age, there was a 0.9-unit decrease in GRSS for each 2-fold increase in anti-F antibody (P = .013; Supplementary Figure 3A) . There was a similar, nonsignificant trend of higher group A neutralization antibody titers in less severely ill infants between 0.5-1 month and 1-2 months ( Figure 3C and 3D and Supplementary Figure 3B) . We saw no such relationship with severity for Ga titers in the youngest infants, but there was a trend for higher L9FabCA titers in less ill infants ≤1 month of age (Supplementary Figure 3C and 3D) . We did not find a similar relationship for neutralizing antibody titers in group B RSV infections.
Estimated Antibody Titers at Birth and Time of RSV Infection
Glezen et al noted that time to hospitalization with RSV infection was directly correlated with cord blood RSV-neutralizing antibody titer [4] . Thus, we sought to determine whether our data were consistent with this relationship. Since cord blood was not available for most subjects, we estimated titers at birth by using titer at the time of infection and assuming an IgG halflife of 28 days. Using estimated titers, we found that, for each antibody titer, there was a significant direct correlation with age at infection for infants with mild disease (GRSS ≤ 3.5) and those with severe disease (GRSS > 3.5; Figure 4 and Supplementary  Figure 4) . It is notable that estimated neutralization antibody titers were most tightly correlated with age at infection (Supplementary Figure 4A and 4B ).
Viral Load and RSV Diseases Severity
Previous attempts to correlate viral load with RSV disease severity have yielded mixed results. Therefore, we analyzed the relationship between nasal viral load in the initial nasal swab samples and disease severity. Univariate analysis found no relationship between viral load and sex, RSV group, mode of delivery, tobacco smoke exposure, age at infection, or breastfeeding score (data not shown). However, viral load was significantly higher (P < .001) in samples collected earlier in the course of illness symptoms, regardless of illness severity (Supplementary Figure 1) . Multivariate analysis using age at infection, tobacco smoke exposure, antibody to F, and viral load adjusted for time after illness onset showed that, while increased anti-F titer ( β ∧ ∧ = −0 46
. ; P = .04) and visit age ( β ∧ ∧ = −0 62 . ; P = .001) were significantly associated with a lower GRSS, higher viral load was not significant (P = .54).
DISCUSSION
The importance of maternally acquired antibody in primary RSV infection has been studied by a number of investigators, using a variety of antibody assays, with the goal of identifying correlates of immunity that might inform vaccine development and immunization strategies. The relationship between RSV-specific serum antibodies in young infants undergoing their first RSV infection is particularly germane to predicting success of maternal immunization during pregnancy. This strategy aims to provide protection early in life, either by modifying disease severity directly or by delaying infection until an older age when infection is more likely to be less severe. The majority of published studies used cord blood specimens or maternal samples as a proxy, rather than blood specimens collected at the time of infection, to address this question. A variety of illness outcomes were used, including incidence, time to infection, or RSV-associated hospitalization. Only a few used illness severity as the outcome. Most used a case-control study design and generally controlled for high-risk conditions expected to affect RSV infection rates or illness severity. In a frequently cited report, Glezen et al noted that higher cord blood RSV neutralizing antibody was associated with reduced risk of hospitalization with RSV infection and was directly correlated with older age at hospitalization, suggesting that high levels of antibody at birth delayed the onset of severe illness [4] . In a more recent retrospective case-control study in >400 RSV-infected Danish infants, Stensballe et al noted an inverse correlation between the cord blood neutralizing antibody titer and the risk of RSV hospitalization and calculated a 26% reduction in hospitalization for every 2-fold increase in neutralizing antibody titer [11] . Similar results were reported in a small study of southwestern Native American infants but not in a study in native Alaskan infants [7, 10] . The serum antibody titer in specimens collected at the time of RSV infection was inversely correlated with the risk of RSV hospitalization in small case-control studies by Roca et al in Mozambique and by Piedra et al in Houston, Texas [8, 9] . However, the latter study included older children and adults experiencing secondary infections, and thus other components of adaptive immunity may have influenced the protection noted. In infants and older children with cardiopulmonary disease, Wang et al found an inverse correlation between preseason RSV antibody titers and the overall risk of RSV infection but not with hospitalization [6] . Holberg et al reported that a higher cord blood antibody titer diminished the risk of lower respiratory tract infection but only in infants from lower socioeconomic class with minimal breastfeeding [5] . In a recent case-control study from Kenya, the cord blood neutralizing antibody titer was not different between controls and those with severe RSV disease [12] . However, in a recent analysis of serum antibody titers in specimens collected at the time of RSV infection, Capella et al found that higher levels of antibody to prefusion F and G proteins but not to postfusion F were associated with lower disease severity among hospitalized infants [13] . Consistent with the literature, they noted that the majority of neutralizing antibodies in human sera are directed to epitopes on prefusion F. While most observational studies suggest beneficial effects of antibody, the most compelling evidence comes from clinical trials of hyperimmune RSV-neutralizing immunoglobulin and the neutralizing monoclonal antibody palivizumab. When administered prophylactically to high-risk infants, hospitalization was reduced by approximately half [30, 31] . Of note, palivizumab levels greater than the targeted 40 µg/ mL were associated with decreased severity in high-risk infants hospitalized with RSV [32] .
As noted, few studies considered illness severity as an outcome, and only 2 found a significant relationship between disease severity and antibody level [4, 13] . The primary objective of our study was to assess the relationship between levels of various RSV antibodies at the time of infection and disease severity, using the full spectrum of clinical illness, from very mild to most severe. Age at infection was the most significant factor influencing illness severity, and in marginal analysis RSV-specific antibodies were not associated with reduced severity. Because both antibody level at the time of infection and illness severity were inversely correlated with age at time of infection, we performed bivariate and multivariate linear regression modeling, using age at infection and antibody titer as variables and GRSS as the dependent variable. In this analysis, only antibody to RSV F was statistically inversely correlated with severity. When adjusted for age, each 2-fold increase in anti-F antibody level was associated with a 0.56-unit decrease in GRSS. However, when we limited the analysis to infants aged ≤2 months, the beneficial relationship between antibody and disease severity was evident for anti-F-specific antibody and neutralizing antibody in univariate analysis, with the effect greatest for anti-F antibody. This result is of interest since our EIA measures antibody binding to postfusion F that contains the neutralizing site recognized by palivizumab but does not display the more potent neutralizing sites found on prefusion F [33] . This may be relevant since a recent RSV F phase II vaccine study in women of childbearing age was shown to induce higher titers of palivizumab-like antibody, as well as neutralizing antibody [34] . This vaccine is currently in a clinical trial involving pregnant women [35] .
We also sought to determine whether antibody to the central conserved region of the G proteins influenced disease severity.
This region of G contains a CX3C chemokine motif that binds to the RSV receptor (CX3CR) on primary human bronchial epithelial cells and also affects migration of T cells and natural killer cells that express CX3CR [29, 36] . Administration of mAbs specific to this region of G is highly protective from virus challenge in a murine model of RSV infection, resulting in markedly reduced pulmonary inflammation [37, 38] . However, we did not find evidence that antibody binding to this region, as determined by a competitive blocking assay with a site-specific mAb, Fab, was associated with reduced severity.
Analogous to findings by Glezen et al [4] , we found a direct correlation between higher estimated cord blood antibody titer and older age at the time of infection. In contrast to our severity-associated antibody analysis, this relationship was evident for each of the antibody measurements and seemed to be true for older infants also. Collectively, these data suggest that an important effect of antibody is to prevent or delay infection until an older age, when the infant is likely to be less ill. Once infection is established, the efficacy of antibody may be relatively limited, primarily to the first few months of life. However, this is important, as this is the age with the greatest risk of hospitalization. It also may be consistent with the lack of effectiveness of monoclonal antibody to treat RSV infection [39] .
Several previous studies have noted a direct correlation between viral load and disease severity [13, 16, 19, 21, 40] . In earlier studies, DeVincenzo et al noted that intubated infants had a 1.15-log 10 greater viral load than nonintubated hospitalized infants, and an increased nasal viral load was associated with a longer hospital stay [16, 40] . In a subsequent analysis by the same investigators, involving 219 RSV-infected infants in both inpatient and outpatient settings, viral load did not predict severity, although among those who were hospitalized, viral load on day 3 but not at enrollment was a predictor of respiratory failure [40] . However, similar to a number of other studies, our study did not reveal a correlation between higher viral load at enrollment and increased disease severity [15, 17, 18, 20, 22] . The inconsistency of results may be due to technical difficulties of precisely quantifying virus load at a mucosal surface, or perhaps optimal analysis may require sampling over several days.
This study has several limitations. The population was limited to full-term healthy infants, and thus we cannot assume that these results are predictive of similar results in premature infants or those with underlying medical conditions. Although there was no direct evidence, it is possible that a few older infants with moderately high antibody titers were having a second RSV infection. Notably, we did not measure antibody to prefusion F, which may have increased the strength of the association between antibody titer and disease severity. In addition, the use of a competitive binding assay to assess CX3C epitope antibody may not accurately reflect direct binding of serum antibodies to this epitope. Finally, our failure to associate viral load with severity may be due to not collecting multiple timed nasal specimens and to difficulty adjusting for dilutional factors in nasal swab samples. In summary, our data suggest that RSV-specific maternally derived antibody has a modest protective effect on disease severity most evident in the first months of life but is also associated with later acquisition of infection. These results add to existing data supporting the concept of maternal immunization as a strategy for reducing the burden of RSV infections in full-term healthy infants during their first winter. 
